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(54) Title: MULTICHANNEL DISTRIBUTED WIRELESS REPEATER NETWORK 
(57) Abstract 

A multichannel distributed wireless repeater 
network, methods for its operation, and system com- 
ponents are disclosed. The network is designed to 
facilitate high-bit-rate data communication within 
a home, office, or similarly constrained area. Ac- 
cording to the described embodiments, RF radiation 
outside of the desired network area can be mini- 
mized by use of low power transmitter and repeaters, 
while short paths and uniform signal strength within 
the network area predominate, facilitating high bit 
rates. The network utilizes low-power RF transmit- 
ters that generally have insufficient power to reli- 
ably span the entire network of receivers. To pro- 
vide uniform coverage throughout the network, chan- 
nel-shifting repeaters are used. These repeaters pick 
up a transmitted (or retransmitted) signal on one 
channel, shift it to a substantially non-interfering 
channel, and retransmit the signal. The receivers can 
preferably receive signals on the best available chan- 
nel, whether it be the original channel or a repeating 
channel. Various methods can be employed to make 
the channels substantially non-interfering, including 
frequency-division multiplexing, time— division mul- 
tiplexing, code-division multiplexing, and combina- 
tions of these techniques. 




L Repeater J 



JJR 
Module 
30 



T/R 
Module 

Z4 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


UZ 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


ZVY 


Zimbabwe 


ci 


Cote d'lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


FT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Luda 


RU 


Russian Federation 






DE 


Germany 


U 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







WO 00/50971 PCT/US00/04840 

1 

MULTICHANNEL DISTRIBUTED WIRELESS REPEATER NETWORK 

FIELD OF THE INVENTION 

This invention pertains generally to local area networks, and more 
particularly to methods and apparatus for implementing a distributed wireless local 
5 area network. 

BACKGROUND OF THE INVENTION 
The flow of a wide variety of electronic information within the boundaries of 
a home or office has become a reality in today's society. What began perhaps with a 
simple voice telephone line connection to the outside world has expanded to include 

10 cable television, digital television, telephone modems, satellite links, cable modems, 
ISDN (Integrated Services Digital Network) connections, DSL (Digital Subscriber 
Line) connections, local area networks, sophisticated security systems, intercom 
systems, multi-speaker "surround sound" entertainment, smart appliances and smart 
"houses", etc. New technology will almost certainly expand the future uses for 

1 5 information distribution within the confines of a house or office. 

With enough foresight, a new home or office can be equipped with what may 
be literally miles of wiring, to allow flexible configuration of a home or office to 
receive and distribute several (or perhaps all) of these forms of information. But 
once the walls are in place, adding wiring for a new technology, repairing wiring 

20 already in place, or even moving existing equipment to a new desired equipment 
location with no "outlet", may be reduced to choosing between either expensive 
remodeling or unsightly wiring running along baseboards and window sills. 
Furthermore, because most of these technologies require their own particular wiring 
and signaling requirements, a variety of wall sockets and wiring are required, all 

25 adding to the expense of construction and detracting from the aesthetics of the space. 

Other problems with wired networks exist. For example, merging of multiple 
differing networks for centralized control, etc., requires expensive bridging, or 
bridges may not be available at all. 
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To combat these problems, wireless networks are now being designed for 
home use. Many of these networks work in the Industrial, Scientific, and Medical 
(ISM) band that exists at 2.400 - 2.4835 GHz. A second possible ISM band exists at 
5.725 - 5.850 GHz. These bands allow unlicensed operation, as they are "garbage" 
5 bands that are generally unsuitable for commercial broadcast use (microwave ovens, 
for example, operate in the 2.4 GHz band). Although low-power, narrowband 
signals may be jammed by the noise occurring in these bands, digital spread 
spectrum techniques can be used to effect useful bandwidth. 

The Federal Communication Commission has recently created an Unlicensed 

1 0 National Information Infrastructure (U-NII) to further address the needs for wireless 
digital data communications, particularly for wireless transmission at a rate that can 
support multimedia. U-NII released three 1 00 MHz bands for use: 5.15- 5.25 GHz, 
for indoor use only and at low power, suitable for short ranges such as within a 
room; 5.25 - 5.35 GHz, at an intermediate power for mid-range uses; and 5.725 — 

1 5 5.825 GHz (overlapping the 5.7 GHz ISM band), at a higher power for use up to 

several miles. U-NII power requirements are designed to encourage wideband uses 
over narrowband uses, by specifying an allowable transmit power formula that 
reduces maximum output power logarithmically as signal bandwidth is reduced. 

Within the ISM and U-NII bandwidth constraints, several network concepts 

20 have been designed, most notably the IEEE 802. 1 1 format, the Bluetooth™ format, 
and the Shared Wireless Access Protocol (SWAP) developed by the HomeRF 
Working Group. Each of these formats is designed for use in the 2.4 GHz ISM band. 
IEEE 802.1 1 format allows for data rates of 1 million bits per second (Mbps), 2 
Mbps, and 1 1 Mbps, uses either Frequency Hopped Spread Spectrum (FHSS) or 

25 Direct Sequence Spread Spectrum (DSSS) to overcome noise, and has an operational 
range of about 40 m. SWAP allows for data rates of 1 or 2 Mbps, uses FHSS, and 
has an operational range of about 50 m. Bluetooth™ format allows for a 1 Mbps 
data rate, uses FHSS, and allows for several operational ranges, depending on the 
power "class" of the transceiver; the main applications for Bluetooth™, however, 

30 envision the lowest power class transceiver, which has about a 1 0 m range. 

In the IEEE 802.1 1 format, an "ad-hoc" network structure is envisioned. 
Each transceiver uses Carrier Sense Multiple Access/Collision Avoidance 
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(CSMA/CA), i.e., it listens for quiet on the channel before it transmits. Figure 1 
illustrates an CSMA/CA "ad-hoc" network formed with transceivers 20, 22, 24, and 
26. Each transceiver can communicate with each other transceiver that is within its 
range, whenever the channel is not already in use. Problems can arise when two 
5 transceivers that are out of each other's range (e.g., 20 and 26 in Figure 1) cannot 
detect each other's transmissions, and attempt to communicate simultaneously using 
the channel. This system also functions poorly with time-critical information, such 
as multimedia or voice. 

SWAP is similar to IEEE 802.1 1 in many respects. But SWAP provides two 

1 0 access models, a Time Division Multiple Access (TDMA) service for time-critical 
data, and a CSMA/CA service for asynchronous data delivery. SWAP can work as 
an ad-hoc network as shown in Figure 1. When time-critical services are in use, 
however, a Connection Point is required. The Connection Point coordinates the 
TDMA service such that sufficient bandwidth is reserved for the time-critical 

1 5 services. This system's TDMA mode overcomes some of the problems of IEEE 
802. 1 1 , although bandwidth is more limited. 

Figure 2 illustrates the more structured wireless concept employed by 
Bluetooth™, as described in the Bluetooth Specification Version I.OB, Nov. 29, 
1999. The Bluetooth™ unit of network service is termed a piconet, e.g., 46, 48, 50, 

20 each of which comprises one master transceiver (28, 34, 40, respectively) and up to 
seven slave transceivers. Within each piconet, a FHSS channel and phase is 
established by the master, unique to that master. TDMA is used with 625 
microsecond timeslots, with the master communicating in even-numbered time slots. 
In odd-numbered time-slots, the slave last addressed by the master is allowed to 

25 communicate. Each time-slot, the frequency for the piconet is hopped to the next in 
the hopping sequence established by the master. Slave transceivers follow the hop 
sequence for that piconet, communicating with the master when allowed by the 
master. 

A scatternet 52 is a group of piconets with overlapping coverage areas. 
30 Because each piconet operates on a different FHSS channel, frequency conflicts are 
infrequent. When conflicts do occur, each piconet may lose a single packet. 
Although a single transceiver is allowed to be a master in one piconet and a slave in 
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another (e.g., transceiver 34), or a slave in two piconets (e.g., transceiver 38), 
effective dual-piconet operation can be difficult to establish and maintain, since the 
specification establishes that overlapping piconets shall not be time- or frequency- 
synchronized. Furthermore, although a transceiver may have visibility in two 

5 piconets, this does not establish visibility between other transceivers in overlapped 
piconets. Each connection in each piconet allows only for communication between 
that piconet's master and one of its slaves. 

This structured design has advantages and disadvantages over the other 
formats described. It provides rigid control that is useful for time-critical 

1 0 applications and "plug and play" operation, and allows for devices to exist in 
multiple piconets. Lower power requirements decrease interference between 
overlapping piconets, allowing each piconet to enjoy most of its potential 1 Mbps 
throughput. But range is limited to less than typical household dimensions, 
bandwidth is inadequate for multimedia, the structure forces communication only 

1 5 with the master (slaves cannot communicate with each other during their time slots), 
the number of active devices in a piconet is severely limited, and the structure can 
waste bandwidth because the master must use an entire time slot each time it gives 
permission for transmission. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 The embodiments described below can be best understood with reference to 

the drawing, wherein: 

Figures 1 and 2 illustrate prior art wireless network concepts; 
Figure 3 shows an exemplary deployment of wireless network components in 
relation to a building floor plan according to one embodiment of the invention; 
25 Figures 4, 5, 6, and 7 illustrate wireless network communications according 

to various embodiments of the invention; 

Figure 8 depicts the use of differing antenna patterns within a wireless 
network to affect good radio coverage within the network and minimize RF 
emissions outside of the network; 
30 Figures 9, 10, 1 1, and 12 illustrate the use of frequency-division multiplexing 

to implement a wireless network according to embodiments of the invention; 
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Figure 13 illustrates the use of time-division multiplexing to implement a 
wireless network according to an embodiment of the invention; 

Figures 14, 15, 16, and 17 contain block diagrams for channel-shifting 
repeaters according to several embodiments of the invention; and 
5 Figure 1 8 illustrates a wireless network, according to an embodiment of the 

invention, that operates within the framework specified for Bluetooth™-compliant 
components. 

DETAILED DESCRIPTION OF THE EMBODIMENTS 
It has now been recognized that a distributed wireless local area network can 

10 be designed to overcome problems inherent in the prior art designs. This solution 
recognizes and combines several important principles — principles that may 
otherwise appear incompatible. First, in a localized wireless network, lower power 
and shorter range can be desirable attributes, as they decrease harmful interference 
with neighbors and unintended recipients, increase security and isolation, and allow 

1 5 for smaller, simpler transceiver designs. Second, robust, high-speed operation is best 
achieved with strong, direct-path signals, which maximize network flexibility and 
can best overcome interference. 

According to various embodiments of the present invention, low-power / 
transceivers can be used to create a robust network that can extend beyond each 

20 transceiver's useful range. This is accomplished using channel-shifting RF 

repeaters, thereby preferably providing more uniform radio coverage within a desired ; 
coverage area. A typical installation of a system according to an embodiment of the 
invention will include multiple transmitters and receivers (typically, the receive and 
transmit functions will be combined into a transceiver), and multiple channel-shifting 

25 repeaters. A base station controls the allocation of time on one or more available 
channels between competing transmitters, and may also control the function of the 
channel-shifting repeaters. When a given transmitter is transmitting, repeaters in 
range of that transmitter receive the signal, channel-shift the signal, and retransmit it. 
If the network is large enough, other repeaters may pick up the channel-shifted signal 

30 from the first repeaters, shift it to yet another channel, and retransmit it again. The 
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destination receiver will receive one or more of the originally transmitted signal and 
its repetitions, depending on the receiver's relative location in the network. 

The repeaters can operate under very simple rules, or under simple control 
from the base station. Even when relatively "dumb" repeaters are employed, the 
5 network system can provide the following advantages: quick set up and 

reconfiguration — literally "plug and play" — when deployed in either new or existing 
construction; good, direct- or near-direct-path radio coverage throughout the network 
area, without high power transmitters that might increase expense, interfere with 
neighbors, and/or emit harmful radiation levels; the ability to make the network 

1 0 aesthetically "invisible"; high data rate channels; low cost; an ability to avoid 

localized RF interference; and almost limitless possibilities for the types of device 
that can be interconnected and/or controlled. 

When implemented according to the following description, the preferred 
embodiments can provide an infrastructure backbone supporting a high-data-rate 

1 5 universal radio interface for almost any type of digital data, including the types 

identified in the background of the invention. The embodiments below describe a 
distributed wireless local area network system including repeaters, network 
components for such a system, and corresponding methods of operation. The system 
is suitable for household use, office use, and other environments with similarly 

20 limited network extent. Various other advantages of these embodiments will be 
detailed below. 

Throughout the following description, several terms have defined meanings. 
A band is a range of available RF frequencies, although the range need not be 
contiguous in frequency. As used herein a channel is a communication channel or 

25 subchannel that uses RF transmission methods to convey digital information. A 
channel is not limited to any particular modulation scheme. Two channels can be 
arranged to be substantially non-interfering by arranging them in separate, 
substantially non-overlapping ranges of frequencies (e.g., two narrowband channels, 
or two FHSS channels using offset or different pseudorandom hopping sequences or 

30 phases), but those of ordinary skill will appreciate that substantial non-interference 
can be achieved in many other ways, such as by time-division multiplexing, code- 
division multiplexing (e.g., DSSS), or combinations of several or all of these 
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techniques. A repeater can receive RF signals containing digital data not destined 
for the repeater itself, and retransmit that digital data as a second RF signal. In the 
embodiments described herein, repeating may involve simple replication of the 
analog RF signal on another channel, or may involve demodulating the digital data in 
5 the received signal and remodulating it. 

Figure 3 illustrates a general embodiment of the invention, shown as a 
distributed wireless network superimposed on a building floor plan. A wireless local 
area network 58 (coextensive with the building in this case) comprises multiple 
transmit/receive (T/R) modules 62, 64, 70, 74, and 80, a base station 60, and 

1 0 repeaters 68 and 78. Each T/R module is connected to at least one digital data device 
60, 66, 72, 76, 82 (each device being a source and/or sink of digital data). The 
connection between a T/R module and its attached digital data device(s) may be, e.g., 
by an appropriate wired connection, by an infrared connection, by a substantially 
non-interfering wireless connection, or by incorporating the T/R module as an 

1 5 integral part of the digital data device. 

Depending on the method of operation chosen for network 58, connectivity 
between different combinations of T/R modules can change. Figures 4-7 illustrate 
different transmission scenarios for two sets of possible operational rules. The 
building partitions and digital data devices of Figure 3 have been removed in Figures 

20 4-7 for clarity. Where no signal line is shown between two network elements, where 
the first is transmitting, this indicates that the two elements are out of range for direct 
communication. 

Figures 4 and 5 assume that two substantially non-interfering channels are 
available. Repeaters 68 and 78 have a single task to perform: they receive signals on 
25 a first channel (CHI) and retransmit these signals on a second channel (CH2). T/R 
modules 62, 64, 70, 74, and 80 transmit on CHI and receive on CH2. In a system 
with added complexity, the T/R modules can selectively receive on either CHI or 
CH2. 

In Figure 4, T/R module 62 transmits on CHI. Repeaters 68 and 78 
30 retransmit T/R module 62's signal on CH2 to the other TR modules. Note that T/R 
module 64 is in range to receive both the original signal on CHI and the repeated 
signal on CH2 from repeater 68. If so equipped, module 64 may select the signal it 
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considers the strongest, or possibly even combine the signals at some point in 
demodulation. The other T/R modules receive on CH2. 

Figure 5 illustrates T/R module 80 transmitting on CHI . Repeater 78 and 
T/R module 74 pick up this signal, and repeater 78 retransmits it on CH2. Repeater 
5 68 is in range to receive the retransmitted signal, but under these rules, performs no 
further retransmission. T/R module 62 is thus the only module that receives the 
retransmitted signal. Under these rules and this configuration, two-way 
communications can occur between T/R module 62 and any of the other T/R 
modules. But certain combinations of T/R modules, like those that cannot 

10 communicate in Figure 5, cannot communicate. If this is unacceptable, other 
embodiments are available to handle this situation. 

Figures 6 and 7 assume that three substantially non-interfering channels, 
CHI, CH2, and CH3, are available. Repeaters 68 and 78 can receive signals on both 
CHI and CH2, and have the capability to retransmit a signal received on CHI on 

15 CH2, and a signal received on CH2 on CH3. In some embodiments, the repeaters 
are set to one of these two repeating modes beforehand. In other embodiments, the 
repeaters can measure signal strength and decide for each signal, whether to repeat 
the CHI signal on CH2, or to repeat a CH2 retransmission on CH3. Other 
possibilities include sensing the source and/or destination of the signal and 

20 performing an appropriate repetition. The receiving T/R modules can select either a 
CH2 signal or a CH3 signal for demodulation, and in some embodiments this 
selection is expanded to include a CHI signal. 

In Figure 6, T/R module 62 transmits on CHI . Repeater 68 retransmits T/R 
module 62's signal on CH2 to the other TR modules in its range. In addition to 

25 reaching three T/R modules, the CH2 signal reaches repeater 78, and is a better 

signal than the more distant signal received from CHI . Repeater 78 thus repeats the 
CH2 signal on CH3. 

Figure 7 illustrates T/R module 80 transmitting on CHI . Repeater 78 and 
T/R module 74 pick up this signal, and repeater 78 retransmits it on CH2. Repeater 

30 68 is in range to receive the retransmitted signal, and retransmits this signal on CH3. 
T/R module 62 is the only module that receives the retransmitted signal CH2. Under 
these rules and this configuration, two-way communications can occur between any 
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of the T/R modules. Those of ordinary skill will appreciate that for a larger physical 
network, more channel-shifting repeaters and channels can be used to provide similar 
connectivity. 

In some networks, it may be desirable to have a repeater "re-use" a channel, 
5 e.g., CHI , if that repeater does not overlap coverage areas with the original user of 
CHI and its recipients. Because re-use may create feedback, this method of 
operation should be carefully deployed, preferably with "smart" repeaters that can 
communicate with the base station to test for feedback during configuration. Other 
similar rules to those disclosed are also possible, e.g., T/R modules may transmit on 
10 the same channel that they receive on. For instance, each repeater may be set up 

with one channel that will be used for communications with T/R modules served by 
that repeater, and another channel that will be used to link that repeater with the 
remainder of the network. 

Figure 8 illustrates a further element of the invention that allows signal 
1 5 energy to be concentrated in the network and minimized outside of the network. 
Each T/R module and repeater can be fitted with an antenna having a beam pattern 
appropriate for its physical location in a building. Those units located near an 
exterior wall (e.g., T/R modules 90 and repeater 92) are fitted with a half-sector 
antenna. If the unit is near a comer of the desired coverage area (e.g., T/R module 
20 98), a quadrant antenna can be fitted. For those units located in the interior of the 
building (e.g., T/R module 96 and repeater 94), an omni-directional or elliptical 
pattern antenna can be used. Preferably, the T/R modules and repeaters have a 
modular antenna attachment port, allowing a user to attach an antenna appropriate 
for the device's location. 
25 Figure 9 illustrates a division of frequency space to provide two substantially 

non-interfering channels CHI and CH2. The available band is divided into channels 
CHI and CH2, separated by a guard band. At the ISM and U-NII frequencies, path 
loss can be 50 dB or more for a path of a few meters. The guard band allows a 
repeater (or T/R module) to transmit on one channel without saturating the receiver 
30 amplifier operating on the other channel, thus enabling simultaneous reception and 
transmission. Figure 10 show a similar division of frequency space that provides 
three substantially non-interfering channels CHI, CH2, and CH3. Note that one 
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possibility for providing more than two channels is to have two frequency bands, and 
code-multiplexing each of these bands to create the additional channels. 

As more channels are added, it may be possible to decrease or eliminate the 
guard bands. This can be done because transmitting channels can be separated from 
5 receiving channels by channels that are not being used by that repeater or T/R 

module. For instance, Figure 1 1 shows one frequency plan with two channels CHI 
and CH2. Each channel is further divided into n subchannels. A particular repeater 
can receive on one of the n CHI subchannels Rl, R2, Rn, and retransmits on a 
corresponding CH2 subchannel Tl, T2, Tn (other repeaters can be configured to 

1 0 receive on a CH2 subchannel and retransmit on a CHI subchannel). The pairings 
selected for receive and transmit channels provides the separation necessary to 
provide substantial non-interference. A total of (2n - 1) repeaters could be used in 
such a network without subchannel re-use. 

Figure 12 extends the idea shown in Figure 11 for a system that employs 

1 5 FHSS. A total of twelve hopping frequencies are allocated in the available band of 
Figure 12. If, for example, three channels are used by the T/R modules and 
repeaters, these channels can be based on a single hopping sequence, i.e., channels 
CHI, CH2, and CH3 can hop in a manner that maintains three hopping frequencies 
of separation between any two active channels. As depicted by the bold outlines in 

20 Figure 11, CHI a, CH2a, and CH3a signify three channels that can be simultaneously 
active. The other groups of channels with common suffixes can likewise be 
simultaneously active and maintain good separation and apparent frequency hop 
randomness in the network. 

Figure 13 shows a plan that provides substantially non-interfering channels 

25 via time-division multiplexing. CHI is active in timeslot 0. Repeaters receiving this 
signal repeat it on CH2 during timeslot 1 . Repeaters receiving the second signal 
repeat it during timeslot 2. At timeslot 3, a T/R module can transmit a new packet of 
data on CHI, and the process repeats. 

The concept of code-division multiplexing is equally applicable to the 

30 invention, although difficult to illustrate. Generally, the code chipping sequences for 
the separate channels can be related such that orthogonality is guaranteed for each 
symbol, when the received signal is compared with its retransmitted version. This 



WO 00/50971 



PCT/US00/04840 



11 

concept will be explained in further detail later, during description of a code-division 
multiplexing repeater embodiment. 

Figure 14 shows a block diagram for a repeater 100 according to one 
embodiment of the invention. Receiving antenna 102 is coupled through a circulator 
5 128 to two bandpass filters 104 and 106. Bandpass filter 104 is designed to pass 
CHI and reject CH2. Bandpass filter 106 is designed to pass CH2 and reject CH3. 
RF switch 108 selects the filtered signal from one of filters 104 and 106 as an input 
to mixer 110. The second input to mixer 1 10 is provided from the output of a second 
RF switch 112, which can select the output from one of three oscillators 1 14, 1 16, 

10 and 118. Oscillator 114 oscillates at the center frequency of CHI minus an 

intermediate frequency (IF). Oscillators 1 16 and 1 1 8 oscillate respectively at the 
differences between CH2 and IF, and CH3 and IF. 

The output of mixer 1 10 is coupled to a filter 120 that passes a channel width 
centered at IF, and rejects higher frequencies. Filter 120's output is coupled to a 

1 5 second mixer 1 22, which has its second input coupled to the output of a third RF 

switch 124. RF switch 124 has the same inputs as RF switch 108 (note that in some 
embodiments, RF switch 108 need only switch the output of 1 14 and 116, and RF 
switch 124 need only switch the output 116 and 1 18). This upconverts the IF signal 
to the retransmission frequency, which is amplified by amplifier 126 and transmitted 

20 on transmit antenna 128. 

Control circuit 130 controls RF switches 108, 1 12, and 124. In this 
embodiment, a power detector 132, which may be as simple as a diode detector, 
provides an indication of received power to control circuit 130. Control circuit 130 
operates switches 108 and 1 12 to test the relative strength of signals received on 

25 CHI and CH2, and then selects a switch configuration for a repeating mode that 

corresponds with the strongest received signal. For instance, if CHI is the strongest, 
switch 108 selects the output of filter 104, switch 112 selects the output of oscillator 
1 14, and switch 124 selects the output of oscillator 116. And if CH2 is the strongest, 
switch 108 selects the output of filter 106, switch 112 selects the output of oscillator 

30 116, and switch 124 selects the output of oscillator 118. 

Control circuit 130 can be implemented to perform its function in several 
ways. One way is to have the control circuit perform an infrequent configuration 
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test, e.g., at power-on or at random or preset intervals. The results of this test would 
be used to set the repeating function to repeat the strongest signal. Another way is to 
have the control circuit scan CHI and CH2 for a signal having enough power to 
warrant repeating, and then repeat that signal. These are merely examples, as other 
5 selection methods and criteria exist, several of which will be discussed in 
conjunction with the description of later embodiments. 

Figure 15 depicts a second repeater embodiment 140 that can function in the 
same manner as repeater 100, although repeater 140 illustrates additional aspects of 
the invention. Repeater 140 incorporates an antenna 142 coupled to a duplexer 144 
10 that allows simultaneous transmit and receive. Duplexer 144 contains bandpass 
filters 146 and 148, similar to filters 104 and 106 of Figure 13. A dual switch 150 
connects one of the filters to the input side of the circuit (the input of amplifier 152), 
and the other of the filters to the output side of the circuit (the output of amplifier 
164). 

1 5 Many of the remaining functions are repeated from Figure 1 4. But instead of 

three switched oscillators, IF downconversion and upconversion is provided by two 
frequency synthesizers 156 and 162. Each is controlled by control circuit 166, 
allowing a wider range of frequencies to be channel-shifted. This adds flexibility to 
reconfigure the system for a different number of network channels (see Figure 11), 

20 as well as to operate with frequency-hopped spread spectrum channels (see Figure 
12). When employed with FHSS, control circuit 166 can follow the hopping 
sequence and control frequency synthesizers 156 and 162 appropriately. 

Another difference in repeater 140 is that control circuit 166 maintains a 
control link 170 with the network base station. This allows the base station to 

25 configure the repeating network, e.g., define the receive and transmit channels for 
each repeater. Output amplifier 164 also has controllable output power, which 
control circuit 166 can adjust in response to commands from the base station. If the 
T/R modules served by a repeater do not require full repeater power to receive 
accurate signals, control circuit 166 can reduce transmit power, thereby reducing the 

30 potential for interference, and possibly allowing channel re-use elsewhere in the 
network. 
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Control link 1 70 can have many functions besides just setting receive and 
transmit channels. It can be used by the base station to schedule when a repeater 
should scan receive channels for interference sources. A configuration test can also 
be initiated by the base station, where different T/R modules and repeaters are 
5 operated in sequence on different channels. Control circuit 166 reports to the base 
station the channel power received at each test point in the sequence, and any 
interference sources, allowing the base station to develop a repeating plan for the 
network that provides effective coverage. Control link 170 can also be used to 
provide synchronization and timing cues for the high-bit-rate channel, allowing 

1 0 devices coming in to the network to synch quickly. 

Control link 170 has a relatively low bit-rate requirement, but needs to be 
robust, and preferably should be able to reach the entire network without repetition. 
Therefore, although the high-bit-rate main channel could be used to provide control 
link 170, control link 170 is preferably implemented with a separate, low-bit-rate 

1 5 channel. Control link 1 70 could be implemented with a high process gain DSSS 
channel occupying the same frequency band as the high bit rate channels, allowing 
this channel to be received by the entire network without repetition. Alternately, a 
lower-frequency channel, e.g., a 900 MHz channel or a channel in a licensed band, 
could be selected. A third alternative is to use AC power wiring, phone wiring, or 

20 any other available wiring to provide the control link between the base station and 
the repeaters. 

Figure 16 shows a third repeater embodiment 180, suitable for use with a 
code-division-multiplexed channel-shifting repeater network. Antenna 182, 
circulator 184, input amplifier 186, and output amplifier 214 function similarly to 

25 previous embodiments. But because DSSS makes signal power detection on any 

particular channel without de-spreading difficult, repetition of such a signal generally 
requires data demodulation and remodulation. Furthermore, if a separate code 
sequence is to be used on the repetition channel, de-spreading is necessary 
(alternately, the same code sequence could be employed by delaying the 

30 retransmitted signal sufficiently to de-correlate it with the incoming signal). 

Oscillator 198 synchronizes to the detected carrier. The output of oscillator 
198 is mixed at mixer 200 with the input signal, prior to input amplifier 1 86. Figure 
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16 shows the output of input amplifier 1 86 processed by an A/D converter, split, and 
applied to two multipliers 188 and 190, which attempt to apply two despreading 
sequences to the data. This allows the repeater to simultaneously check for the 
existence of a CHI signal and a CH2 signal. Spreading code generator 204 supplies 
5 the first code, which corresponds to the CHI signal chip, and the second code, which 
corresponds to the CH2 signal chip. These codes are applied, respectively, to 
multipliers 188 and 190. 

The de-spread signals output by multipliers 1 88 and 190 are passed through 
filters 192 and 194, and then demodulation is attempted by data demodulator 196. 

10 Generally, demodulation will be successful on either CHI or CH2, but not both. 
Thus an alternative is to have spreading code generator only output one spreading 
code, with control circuit 206 instructing generator 204 whether to output the CHI 
code or the CH2 code. This generally requires that a constant channel be selected for 
use in normal operation. It does, however, avoid having two input processing 

15 streams. 

Control circuit 206 receives data from demodulator 1 96, and passes it to 
multiplier 210 for multiplication with the appropriate output spreading code, and 
then on to data modulator 208 for remodulation. Control circuit 206 may include 
additional sophistication, such as the ability to examine the data's source and/or 
20 destination and select a corresponding output channel. Control circuit 206 may also 
attempt error detection and/or correction on the data before sending it to the data 
modulator. 

Finally, the modulated and spread IF signal is mixed at mixer 212 with a 
phase-shifted version of the signal output by oscillator 198. If the circulator 184 and 

25 phase shifter 202 cannot sufficiently isolate the input and output signals, the two- 
frequency or time-multiplexed embodiments described above can be combined, 
where each repeater and T/R module transmits and receives in a non-interfering 
fashion to avoid input amplifier saturation. For example, odd-numbered DSSS 
channels could use a first frequency band, and even-numbered DSSS channels could 

30 use a second, non-overlapping frequency band. 

Figure 17 illustrates an embodiment suitable for use with time-division- 
multiplexing. The critical added feature is a delay element 238, e.g., a buffer to store 



WO 00/50971 



PCT/US00/04840 



15 

data received in one time slot for retransmission during the following time slot. 
Various features described above can also be incorporated into this embodiment, 
such as transmit-while-receive using two frequencies, FHSS, or DSSS. 

It is to be understood that the base station controls which T/R module(s) are 
5 allowed to transmit during a given time interval The exact method for apportioning 
bandwidth between T/R modules will generally depend on application and higher- 
layer protocols, and is beyond the scope of this invention, which provides the low- 
layer framework for the distributed network. 

The T/R modules have not been described in block diagram form, because 

1 0 their construction can be almost identical to that of the repeaters described above. 
The main difference is that T/R modules do not "repeat" data per se — they receive 
some data and transmit different data, according to a transmission path set up 
between the T/R module and a remote T/R module. Another difference is that T/R 
modules necessarily include a demodulator to receive signals and demodulate them 

1 5 in order to receive digital data. 

Although not preferred, an embodiment of the invention could be 
implemented, e.g., in a Bluetooth™ environment. Generally, according to one 
embodiment, this would require that the base station 260 be connected to a master 
T/R module Ml, as shown in Figure 1 8. Ml would be master of a first piconet of up 

20 to seven slaves, including first-level repeaters M2 and M3, and possibly T/R 

modules like S9. First-level repeaters M2 and M3 are in turn masters of their own 
piconets, which can include slave T/R modules, like SI, S2, S3, S4, and S5, and any 
second-level repeaters like M4. Second-level repeater M4 is in turn master of its 
own piconet of slaves. This construct could be repeated to additional levels if 

25 necessary. To the individual T/R modules, the presence of Ml would in essence be 
"projected" down to their individual master repeaters, which would have the 
capability to forward packets received from above to the appropriate slave. But 
because Bluetooth™ piconets cannot be synchronous and slaves must be granted 
permission by their master before transmitting, each repeater would need the 

30 capability to hold packets until the packets could be handled by the upstream master. 

One additional difficulty with deploying this embodiment in a Bluetooth™ 
environment is that individual packet addressing is limited to one of seven active 
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slaves per piconet. Thus, without more, each repeater could only link one active 
slave T/R module at a time to the level above. If more than seven total slaves exist, 
or more than one slave in a repeating branch desires to be active, at least some sort of 
virtual parking must be implemented by the repeaters. The coordination of parking 
5 and activation may deplete bandwidth resources quickly if more than seven slaves 
wish to appear "active" to Ml . Therefore, a wider implementation may require that 
Ml and the repeaters provide some scheme, apart from or tunneled within the 
Bluetooth™ data packets themselves, for routing packets to the appropriate 
destination. At this level, the repeaters begin to have the sophistication of a router, 

1 0 rather than a simple repeater. 

Those of ordinary skill will understand that various aspects of the 
embodiments described above can be combined in a large number of permutations. 
Furthermore, many alternate implementations, functionally equivalent to those 
described herein, will become apparent to those of ordinary skill upon reading this 

15 disclosure. Such permutations and alternate implementations are intended to fall 
within the scope of the invention as claimed below. 
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1 . A wireless local area network system comprising: 

one or more radio frequency transmitters to transmit digital data in a first 
channel; 

a first radio frequency repeater to receive signals containing digital data in 
the first channel from one or more of the transmitters and retransmit such signals 
in a second channel, the second channel substantially non-interfering with the 
first channel; 

one or more radio frequency receivers to receive digital data in the second 
channel; and 

a base station to allocate use of the first channel between two or more 
transmission paths, wherein each transmission path originates at one of the 
transmitters. 

2. The system of claim 1 , wherein at least one of the receivers has the capability to 
receive signals in both the first and the second channels and the capability to 
select a signal from either the first or the second channel as the received signal 
from which to retrieve digital data. 

3. The system of claim 1, further comprising a second radio frequency repeater 
having the capability to receive signals in both the first and the second channels, 
the capability to retransmit a signal received in the first channel using the second 
channel, and the capability to retransmit a signal received in the second channel 
using a third channel, the third channel substantially non-interfering with the first 
and second channels. 

4. The system of claim 3, wherein the second repeater has the capability to 
selectively retransmit either a signal received in the first channel from one of the 
transmitters or a corresponding retransmission of that signal, received in the 
second channel from the first repeater. 
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5. The system of claim 4, wherein at least one of the receivers has the capability to 
receive signals in both the second and the third channels and the capability to 
select a signal from either the second or the third channel as the received signal 
from which to retrieve digital data. 

5 

6. The system of claim 4, wherein at least one of the receivers has the capability to 
receive signals in each of the first, second, and third channels and the capability 
to select a signal from either the first, second, or third channels as the received 
signal from which to retrieve digital data. 

10 

7. The system of claim 4, wherein at least one of the receivers has the capability to 
receive signals in each of the first, second, and third channels and the capability 
to combine signals from at least two of these channels in order to retrieve the 
digital data. 

15 

8. The system of claim 4, wherein the first, second, and third channels represent a 
division of an available radio band into first, second, and third segments, selected 
from the group of divisions consisting of: non-overlapping frequency allocation, 
frequency hopping using frequency-offset pseudorandom hopping sequences, 

20 frequency hopping using different pseudorandom hopping sequences, frequency 

hopping using different phases of the same pseudorandom hopping sequence, 
time-division multiplexing, code-division multiplexing, and combinations 
thereof 

25 9. The system of claim 1, wherein the first and second channels represent a division 
of an available radio band into first and second segments, selected from the 
group of divisions consisting of: non-overlapping frequency allocation, 
frequency hopping using frequency-offset pseudorandom hopping sequences, 
frequency hopping using different pseudorandom hopping sequences, frequency 

30 hopping using different phases of the same pseudorandom hopping sequence, 

time-division multiplexing, code-division multiplexing, and combinations 
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thereof 

1 0. The system of claim 1 , wherein each of the first and second channels is divided 
into an uplink subchannel and a downlink subchannel, to allow one of the 

5 transmitters to transmit in an uplink subchannel while another of the transmitters 

transmits in a downlink subchannel. 

1 1 . The system of claim 1, wherein at least one of the transmitters comprises a 
modular antenna attachment port, allowing that transmitter to be configured to 

1 0 transmit in different patterns by interchanging one modular antenna for another 

having a different pattern, 

12. The system of claim 1, wherein the first repeater comprises a modular antenna 
attachment port, allowing that repeater to be configured to transmit in different 

1 5 patterns by interchanging one modular antenna for another having a different 

pattern. 

1 3 . A radio frequency repeater comprising: 

a receiver to receive signals in a first channel selected from n receive 
20 channels, n > 1 ; 

a transmitter to retransmit a signal containing digital data and received in the 
first channel in a second channel, the second channel substantially non- 
interfering with the first channel; and 

a control circuit to select the first and second channels. 

25 

14. The repeater of claim 13, wherein the control circuit selects the second channel 
from n transmit channels. 

15. The repeater of claim 14, wherein the n receive channels occupy a first radio 
30 frequency band, and the n transmit channels occupy a second radio frequency 

band, the repeater further comprising an antenna and a duplexes the duplexer 
connected to the antenna, receiver, and transmitter to allow simultaneous 
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operation of the receiver in the first radio frequency band and the transmitter in 
the second radio frequency band. 

1 6. The repeater of claim 15, further comprising a switch inserted between the 
5 duplexer and the receiver and between the duplexer and the transmitter, the 

switch operated by the control circuit to allow an additional operational mode 
wherein the n receive channels occupy the second radio frequency band and the n 
transmit channels occupy the first radio frequency band. 

10 1 7. A radio frequency repeater comprising: 

a receiver to receive signals in both a first channel and a second channel; 
a transmitter having a first operational mode that retransmits a signal 
containing digital data and received in the first channel in the second channel and 
a second operational mode that retransmits a signal containing digital data 
15 received in the second channel in a third channel; and 

a control circuit to configure the transmitter in one of the operational modes. 

18. The repeater of claim 17, wherein the control circuit has the capability to 
configure the transmitter based on an examination of a received signal. 

20 

19. The repeater of claim 17, wherein the control circuit has the capability to 
determine the source, destination, or both for a received signal, and use the 
results of this determination to configure the transmitter. 

25 20. The repeater of claim 1 7, wherein the control circuit has the capability to 

compare received signal strength in the first and second channels, and use the 
results of this comparison to configure the transmitter. 

2 1 . The repeater of claim 1 7, wherein the control circuit has the capability to 
30 configure the transmitter based on a remote command. 
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22. The repeater of claim 21, further comprising a link channel transceiver to receive 
the remote commands. 

23. The repeater of claim 17, the transmitter having a third operational mode that 

5 retransmits a signal containing digital data and received in the first channel in the 

third channel. 

24. The repeater of claim 17, the transmitter having a third operational mode that 
retransmits a signal received in the third channel in the first channel. 

10 

25. The repeater of claim 17, wherein in each of the operational modes, the receiver 
downconverts a received signal to an intermediate frequency signal, and the 
transmitter upconverts the intermediate frequency signal to form a retransmit 
signal without demodulating the digital data contained in the received signal. 

15 

26. The repeater of claim 17, further comprising first, second, and third local 
oscillators, the receiver coupled to the first and second local oscillators to 
frequency shift signals received respectively in the first and second channels. 

20 27. The repeater of claim 26, the transmitter coupled to the second and third local 
oscillators to frequency shift signals to be retransmitted respectively in the 
second and third channels. 

28. The repeater of claim 27, the receiver comprising first and second switches 

25 controlled by the control circuit, the first switch coupled between at least the first 

and second oscillators and the receiver, the second switch coupled between at 
least the second and third oscillators and the transmitter. 

29. The repeater of claim 17, wherein the first, second, and third channels comprise 
30 first, second, and third time slots in a time-division multiplexed radio frequency 

channel. 
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30. The repeater of claim 17, further comprising: 

a demodulator having the capability to demodulate digital data from a signal 
received in the first or the second channel; and 

a modulator having the capability to create a signal using the demodulated 
5 digital data, the modulator coupled to the transmitter. 

3 1 . The repeater of claim 1 7, further comprising a modular antenna attachment port, 
allowing the repeater to be configured to receive and transmit in different 
patterns by interchanging one modular antenna for another having a different 

10 pattern. 

32. A radio frequency receiver comprising: 

a demodulator having the capability to receive a first signal in a first channel 
and demodulate that signal, and having the capability to receive a second signal 
15 in a second channel, the second signal representing a repeated version of the first 

signal, and demodulate that second signal; and 

a selector circuit to selectively configure the receiver to output digital data 
demodulated from the first signal or the second signal. 

20 33. The receiver of claim 32, wherein the demodulator has the further capability to 
receive a third signal in a third channel, the third signal representing a repeated 
version of the first or second signal, and demodulate that third signal, and 
wherein the selector circuit has the further capability to selectively configure the 
receiver to output digital data demodulated from the third signal. 

25 

34. The receiver of claim 32, the selector circuit having the capability to selectively 
configure the receiver to output digital data from the channel having the largest 
signal strength. 

30 35. The receiver of claim 32, wherein the first and second channels represent a 

division of an available radio band into first and second segments, selected from 
the group of divisions consisting of: non-overlapping frequency allocation, 
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frequency hopping using frequency-offset pseudorandom hopping sequences, 
frequency hopping using different pseudorandom hopping sequences, frequency 
hopping using different phases of the same pseudorandom hopping sequence, 
time-division multiplexing of a channel, code-division multiplexing of a channel, 
5 and combinations thereof. 

36. The receiver of claim 32, further comprising a transmitter. 

37. The receiver of claim 36, wherein the transmitter has the capability to transmit 
1 0 digital data using at least one of the channels that can be received by the 

demodulator. 

38. The receiver of claim 32, further comprising a modular antenna attachment port, 
allowing that receiver to be configured to receive and transmit in different 

1 5 patterns by interchanging one modular antenna for another having a different 

pattern. 

39. A method of providing a wireless local area network in a defined service area, 
the method comprising: 

20 distributing one or more radio frequency transmitters within the service area, 

each transmitter connected to at least one corresponding source of digital data 
and configured to transmit digital data from that source in at least one transmit 
channel; 

distributing one or more radio frequency repeaters within the service area, at 
25 least one repeater configured to receive a signal in at least one transmit channel 

and repeat that signal in at least one repetition channel; 

distributing one or more radio frequency receivers within the service area, at 
least one receiver connected to at least one sink for digital data and configured to 
receive digital data from at least one repetition channel; and 
30 transmitting digital data from one source of digital data, connected to one of 

the transmitters, to one sink for digital data, connected to one of the receivers, via 
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at least one of the radio frequency repeaters. 

40. The method of claim 39, further comprising providing a base station and a low- 
bit-rate channel connecting the base station and the repeaters, and using the low- 

5 bit-rate channel to determine receive and repetition channels for each of the 

repeaters. 

41. The method of claim 39, wherein the at least one receiver is configurable to 
receive digital data from either a repetition channel or a transmit channel, the 

1 0 method further comprising that receiver selecting whether to receive digital data 

from the repetition channel or from the transmit channel. 

42. The method of claim 39, wherein the at least one repeater is configurable to 
receive a signal from either a first repetition channel or a transmit channel, the 

1 5 method further comprising selecting whether to retransmit a signal received in 

the transmit channel as claimed, or to retransmit a corresponding signal received 
in the first repetition channel in a second repetition channel. 

43. The method of claim 42, wherein the at least one receiver is configurable to 

20 receive digital data from either the first or second repetition channel or a transmit 

channel, the method further comprising that receiver selecting whether to receive 
digital data from the first repetition channel, the second repetition channel, or 
from the transmit channel. 

25 44. A method of operating a radio frequency repeater in a local area network, 
comprising: 

selecting either a first signal, containing digital data, in a transmit channel, or 
a second signal, comprising a repetition of digital data from the first signal, in a 
first repetition channel; 
30 when the first signal is selected, repeating digital data from the first signal in 

a repeat signal transmitted in the first repetition channel; and 

when the second signal is selected, repeating digital data from the second 



WO 00/50971 



PCT/US00/04840 



25 

signal in a repeat signal transmitted in a second repetition channel. 

45. The method of claim 44, wherein selecting comprises comparing signal strength 
in the transmit channel and in the first repetition channel, and selecting a signal 
5 corresponding to the one of these two channels having the largest signal strength. 
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